Abstract-A broadband and temperature tolerant liquidcontrolled adiabatic waveguide coupler (LCC) is realized. The LCC with silicon nitride waveguides is designed to be compatible with liquids that can be actuated by an electrowetting-on-dielectric system. This proof-of-principle demonstration with manual actuation paves the way toward the realization of non-voloptical switch systems. A 630-µm-long LCC configured as a 1 × 2 switch has a measured insertion loss less than 1.5 dB and a crosstalk less than −14 dB for both bar and cross state over the telecommunication wavelength range 1260 to 1630 nm. Furthermore, the LCC is tolerant to variations in temperature. The measured excess insertion loss over the temperature range 21 to 73
I. INTRODUCTION
O PTICAL switches are an essential part of reconfigurable fiber networks. Highly desirable features are low optical loss, wide operating spectral window, and low power consumption both for switching and during steady state operation. Optical micro-electromechanical systems (MEMS) are currently the standard in this context. However, they consume energy in a steady state operation. Non-volatile switches have been realized by using, for example, buckling waveguides [1] , or latching MEMS [2] and liquids [3] . Other qualities desired for a switch are: a wideband operation covering the telecom O, S, C and L bands, a compact size and the possibility to create switches with many ports. Switches based on waveguide couplers that are broadband and compact have been reported in literature, but they are volatile and do not cover the full telecommunication wavelength range with good performance [4] - [6] . H. D'heer, S. Clemmen, and D. Van Thourhout are with the Photonics Research Group, Department of Information Technology, Ghent University -imec, Ghent 9052, Belgium (e-mail:, herbert.dheer@ugent.be; stephane.clemmen@ ugent.be; dries.vanthourhout@ugent.be).
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Silicon photonics switches with waveguide couplers can be designed such that they do not consume energy in a steady state and have the additional advantages of being very compact and potentially low cost. Previously we demonstrated the design and fabrication of liquid controlled adiabatic couplers (LCC) with silicon waveguides [3] , [7] . Compared to earlier demonstrated liquid controlled optical switches [8] - [10] these have the advantage that they can be directly integrated with a standardised waveguide platform, readily available from multiple foundries. However, the wavelength range of operation was restricted to about 100 nm which hinders the application in telecommunication fiber networks where broadband operation over the wavelength range 1260 nm to 1630 nm is desired. The length of the LCCs in [3] is up to 1.4 mm. In the present paper we show that LCCs with silicon nitride (SiN) waveguides can be short, with a length of 630 μm, while they can operate over a broad wavelength range from 1260 nm to 1630 nm with good performance. We also show that the fabricated LCC is tolerant to temperature variations. The temperature can vary from at least 21
• C to 73
• C with only a small influence on its performance therefore avoiding the need of an active temperature control circuit. This allows the switch to operate in an uncontrolled environment with zero energy consumption after switching.
The performance of the previously demonstrated siliconbased LCCs is restricted by the large confinement of the optical mode inside the waveguides. A larger overlap of the optical mode with the liquid, and thus better performance, can be realized by reducing the waveguide thickness down to about 100 nm as proposed in [3] . Reducing the waveguide thickness, however, requires non-standard silicon-on-insulator (SOI) wafers with a sufficiently thick buried oxide.
Increasing the overlap of the optical mode with the liquid can also be realized by a waveguide core with a reduced refractive index, such as SiN. This material can be deposited by a chemical vapor deposition process which allows a higher flexibility in waveguide thickness than SOI technology and also allows a thick buried oxide. The refractive index of SiN is still sufficiently large to achieve a fairly large refractive index variation as a function of waveguide width, which is also required to realize short LCCs with good performance.
In practical applications it is desired that the movement of the liquids above the LCCs on a chip is done by a compact fluidic system. An electrowetting-on-dielectric (EWOD) system, such as described in [11] , is a good candidate for this. It enables the movement of small optically transparent liquid drops above the 0733-8724 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. optical chip and at the same time, when properly designed, it is non-volatile. This means that the liquid drops will not move when the electrical power is switched off, even when the system is mechanically shaked, and therefore the optical switch will also remain in a stable state. In this paper the liquids are manually actuated but the device is specifically developed for liquids that can be actuated by an EWOD system. The LCC designed in this paper is an adiabatic component. Adiabatic components are in general more tolerant to fabrication and temperature fluctuations than interference based components [12] . The interference based components, especially when fabricated in silicon, often need to be temperature controlled to maintain a stable operation within the temperature range of the environment where it is used [13] . This involves high energy consumption and an electronics control circuit. Interferencebased components can be designed such that they are more tolerant to variations in temperature such as shown in [13] . This, however, increases the complexity of the optical design, and product development time, which should be avoided when possible. Here, we demonstrate that the fabricated adiabatic SiN LCC is inherently tolerant to variations in temperature.
II. DESIGN OF SIN LIQUID CONTROLLED COUPLER
The LCC can be actuated by two liquids with a different refractive index. In Fig. 1 the targeted cross-section of the LCC with SiN waveguides is shown. The oxide cladding on top of the coupler is locally removed by an etching process to expose one of the waveguides to the liquids [3] . As a result, the liquids influence the effective refractive index of the exposed waveguide which allows the switch to operate in bar or cross state. The SiN waveguide height and etch depth are chosen to be 300 nm and 150 nm, respectively, as this yields a well performing LCC for the chosen EWOD compatible liquid combination as we will show. The thickness of the buried SiO 2 cladding is 4.50 μm and the thickness of the SiO 2 top cladding is 1.00 μm. The thickness of these claddings is rather large such that the Si substrate and the liquids above the shielded waveguides have a negligible contribution to the complex effective refractive index of the fundamental quasi-TE mode of the waveguide.
To evaluate the expected performance of the SiN LCCs for different liquid combinations we use a figure-of-merit (FOM) as defined in [3] . For a given combination of liquids, the FOM is defined by finding the set of widths for the input and output waveguides of the coupler which maximizes FOM = min(Δβ cr oss,in , Δβ bar,in , Δβ cr oss,out , Δβ bar,out ),
(1) whereby the terms Δβ denote the difference in propagation constants between both input resp. output waveguides, in cross and bar state. An LCC with a higher difference in propagation coefficients at the input and output, and for cross and bar state gives a higher FOM and a better performance in terms of insertion loss and crosstalk for the same length. Fig. 2 shows the FOM over the wavelength range 1260 nm to 1650 nm for various refractive index combinations of the 2 LCC actuating liquids. The waveguide cross-section is taken as in Fig. 1 • C. These two liquids are compatible with EWOD systems and can be used to realize a non-volatile switch system such as shown in [11] , where we also measured the absorption loss of these liquids to be lower than 4.5 dB/cm over the full wavelength range (1260-1650 nm). Note that only a fraction of the light in the coupler is confined in the liquid. The liquids HPC and DPS give an FOM of 0.048 μm −1 . An LCC where the cross state is realized by the low index liquid is also possible without a reduction in FOM for most of the liquid refractive index combinations shown in Fig. 2 . However, for the liquids HPC and DPS a lower FOM is obtained when also fabrication tolerances are taken into consideration. Therefore, the LCC is designed to be in cross state for the high index liquid DPS.
For the liquids HPC and DPS the FOM is 0.048 μm −1 and is higher than that of previously fabricated LCCs with silicon waveguides. The FOM obtained for the Si LCCs described in [3] is 0.02 μm −1 at 1550 nm and is 0.01 μm −1 over the wavelength range 1260 nm-1650 nm, for liquids with a refractive index of 1.42 and 1.63. For Si LCCs the FOM is mainly restricted by the difference in the effective refractive index (n eff ) of the waveguide exposed to the two liquids. For SiN LCCs the difference in n eff of the waveguide exposed to the two liquids is larger than for Si and the FOM can now also be restricted by the minimum and maximum allowed waveguide widths. These widths are determined by the single mode operation condition of the separate waveguides (for quasi TE polarization) and the maximum allowed substrate leakage loss. LCCs indicated by triangles in Fig. 2 are restricted by the waveguide width range. LCCs indicated by circles are restricted by the difference in n eff of the waveguide exposed to the liquids.
The waveguide geometry of the LCC actuated by the liquids HPC and DPS and the simulated transmission spectra are obtained by using a self-consistent orthogonal coupled mode theory such as described in [3] and [14] . Simulated transmission spectra of a 630 μm long LCC in bar and cross state are shown in Fig. 3(a) and (b) , respectively. The simulated insertion loss in bar state is 0.0 dB and in cross state it is less than 0.3 dB over the wavelength range 1260 nm to 1650 nm. Material and scattering losses are not included in the simulation. The crosstalk in bar state is less than −52 dB over the same wavelength range. The crosstalk in cross state is less than −24 dB over the wavelength range 1390 nm to 1650 nm and is less than −11 dB over the wavelength range 1260 nm to 1650 nm.
The LCC is connected to fiber edge-couplers which interface to optical fibers. The fiber edge-couplers consist of a tapered fully-etched SiN waveguide with a designed waveguide width of 300 nm near the chip facet. An index matching fluid can be used to achieve an improved transmission between the fiber edge-coupler and a cleaved optical fiber. When the index matching fluid comes on top of the fiber edge-couplers the shape of the optical mode is more symmetric and thus better matched to the mode profile of the optical fiber which gives an improved transmission. The index matching fluid forms the fiber edge-coupler upper cladding and avoids the need to deposit a thick oxide layer on top of the SiN. When the index matching fluid is also between the chip and optical fiber the reflection is reduced as well.
III. FABRICATION
A 300 nm thick SiN layer is deposited on a Si wafer with a 4.5 μm thick SiO 2 layer. A low-pressure chemical vapor deposition (LPCVD) process is used for the SiN deposition. After lithography the SiN layer is partially etched to a depth of 150 nm using dry etching. This defines the rib waveguides. The fiber edge-couplers contain fully etched waveguides that are realized by a second lithography step. Then, SiO 2 is deposited and planarized to a final oxide thickness of 1.0 μm. The oxide trenches are realized by buffered oxide etching (BOE) in a similar way as described in [3] . A microscope image of one side of the LCC is shown in Fig. 4 and indicates the oxide trench above one of the LCC waveguides.
IV. CHARACTERIZATION AND DISCUSSION
The LCC is characterized with individual lensed fibers and two tunable Santec laser sources covering the wavelength ranges 1260 nm to 1360 nm and 1500 nm to 1630 nm. The transmission spectra of an LCC in bar and cross state with the liquids HPC and DPS, respectively, are shown in Fig. 5 . The transmission is normalized with respect to the average fibre-tofiber transmission of 2 reference waveguides on the same chip. The normalized transmission therefore excludes the transmission of the waveguides and the fiber edge-couplers.
When the LCC is used as a 1 × 2 switch, with one input port, and light is launched from input port L1 (orange lines in Fig. 5 ) then the on-chip loss is less than 0.8 dB in bar state and less than 1.5 dB in cross state over the wavelength range 1260 nm to 1630 nm. The cross state loss is highest at 1630 nm. The crosstalk for this 1 × 2 switch is less than −18 dB in bar state and less than −14 dB in cross state. 1 × 2 switches can be used in dilated 2 × 2 switches to build large radix switches with reduced crosstalk as will be shown in Section V. The measurement uncertainty of the transmission shown in Fig. 5 is about 0.3 dB and includes deviations in fiber positioning and the polarization state of the light at the input fiber edge-couplers. The chip is measured at room temperature, (20.7 ± 0.1)
• C. In order to use the LCC as a 2 × 2 switch, a few improvements are desired. The transmission between ports L0 and R0 for the bar state at the lower wavelengths is relatively low (−4.3 dB at 1260 nm). Furthermore, the transmission between ports L0 and R1 for the cross state at the higher wavelengths is also relatively low (−3.0 dB at 1630 nm). A possible reason is that the 600 nm wide waveguide at port L0 is close to cut-off for the high index liquid DPS. The liquids used to characterize the LCC are the normal formulations of HPC and DPS. When deuterated formulations of HPC and DPS would be used a reduction in the insertion loss can be expected [11] . The deuterated versions have a reduced optical absorption but a similar refractive index. Also, chemical and electrical properties are similar such that they can also be used in an EWOD system. Liquids with reduced absorption are more interesting in LCCs with SiN waveguides, where the overlap of the light with the liquid is larger, than in LCCs with Si waveguides.
The LCC is also characterized at the temperatures 51.5
• C and 73.4
• C. A thermo-electric heater was used and the temperature was measured close to the optical chip. The measured temperature was stable within ±0.2
• C. The transmission of the LCC with input port L1 at different temperatures is shown in Fig. 6(a) and (b) for bar and cross state, respectively. It can be observed that the LCC is tolerant to temperature variations. The excess insertion loss over the temperature range 20.7
• C to 73.4
• C is 0.0 dB and 0.3 dB for the LCC in bar and cross state, respectively. The excess crosstalk of the LCC in bar state is 0 dB. The variation in crosstalk of the LCC in cross state due to temperature is larger than in bar state with an excess crosstalk of 6 dB. Fig. 7 . Loss of a SiN fiber edge-coupler connected to an optical fiber Nufern UHNA4 fusion spliced to a G.652 fiber Corning SMF-28. The loss is determined by halving the measured fiber-to-fiber transmission of a waveguide integrated with 2 edge couplers and includes the 0.2 dB splicing loss.
In cross state the crosstalk reduces at higher wavelengths and increases at lower wavelengths when the temperature increases. Therefore, it can be stated that LCCs, and also adiabatic couplers in general, are less sensitive to variations in temperature when in bar state. Furthermore, the insertion loss and crosstalk of the LCC over the investigated wavelength and temperature range is better in bar state than in cross state.
The LCC is connected to low-loss fiber edge-couplers. The transmission of a fiber edge-coupler is shown in Fig. 7 . The measurement uncertainty of the shown transmission is about 0.1 dB. An index matching fluid with a refractive index of 1.42 at a wavelength of 1550 nm is used. The characterization is done with a high numerical aperture (NA) optical fiber Nufern UHNA4 [15] fusion spliced to a G.652 fiber Corning SMF-28 [16] . The Nufern UHNA4 fiber has a mode field diameter of 4.0 μm at a wavelength of 1550 nm and the Corning SMF-28 fiber has a mode field diameter of 10.4 μm at 1550 nm. The splicing loss of about 0.2 dB is included in the transmission. The fiber-to-fiber transmission of a 1 × 2 switch with input port L1 is therefore better than −5.2 dB for cross and bar state over the wavelength range 1260 nm to 1650 nm at room temperature.
V. DESIGN OF DILATED SWITCH CIRCUIT
The performance of the demonstrated LCC is better in bar state than in cross state over its wavelength and temperature range of operation. Therefore, in large switch circuits it is advantageous when most LCCs in a light path are in bar state. This can be realized with a cross-bar or a path-independent insertion loss (PILOSS) switch architecture where only one switch element (SE) per light path is in cross state. A SE contains one or more LCCs. When these architectures are used to build large switch circuits the loss contribution of the LCCs in cross state to the total switch loss can then be relatively small. Also the crosstalk of the switch can be improved by using dilated SEs.
A schematic of a 4 × 4 dilated cross-bar switch circuit with LCCs is proposed in Fig. 8 . The dilated SEs, shown in Fig. 8(b) and (c), consist of 2 LCCS and a waveguide crossover. The 2 LCCs can be positioned next to each other to optimize the footprint of the switch. An EWOD system allows the movement of multiple liquid drops on an optical chip. These liquid drops can be HPC which are surrounded by an ambient liquid such as DPS [11] . When the 2 LCCs are covered by a liquid drop the SE is in bar state, see Fig. 8(b) . The crosstalk of this SE in bar state can be two times lower (in logarithmic scale) than that of an elementary LCC. When liquid drops with a circular or slight elliptical shape are used in the EWOD system then the shown dilated SE configuration will not increase the switch footprint compared to SEs with only one LCC due to the large aspect ratio of the SEs. When the SE is in cross state, see Fig. 8(c) , the 2 LCCs are covered by the ambient liquid. This deflects the light path from the horizontal to the vertical direction.
It is desired that the crosstalk of the waveguide crossover in the SE is at least 2 times lower in logarithmic scale than the crosstalk of an LCC in bar state. If this is fulfilled then the crosstalk of the dilated SE in bar state at output port O 1 , as shown in Fig. 8(b) , is about 2 times lower than the crosstalk of an individual LCC. For the demonstrated LCC the crosstalk of the SE is then expected to be less than about −40 dB over the investigated wavelength and temperature range. When the SE is in cross state the crosstalk at output port O 2 is identical to that of an LCC. The leaked light is however guided to an unconnected switch port as shown in Fig. 8(a) and (c) . The LCC could also be included in a PILOSS switch circuit with an identical SE configuration as shown in Fig. 8 . In PILOSS switches the crosstalk of the elementary switches in cross state can also be guided to unconnected switch ports to achieve a low overall switch crosstalk [17] .
For LCCs with a length of 630 μm, the footprint of a 16 × 16 dilated switch circuit that is actuated by an EWOD system is estimated to be as small as 13 mm × 13 mm. A similar size is expected for both a cross-bar and PILOSS switch architecture.
VI. CONCLUSION
An ultra-broadband, temperature tolerant, and compact LCC in SiN has been demonstrated that allows zero energy consumption in a steady switch state. Its operation is demonstrated over the full telecommunication wavelength range from 1260 nm to 1630 nm and over the temperature range 21
• C to 73 • C. When the LCC is used as 1 × 2 switch the 630 μm long LCC has an on-chip loss lower than 0.8 dB in bar state and lower than 1.5 dB in cross state and has a crosstalk lower than −18 dB in bar state and lower than −14 dB in cross state over the full wavelength range and at room temperature. While currently the liquids are manually applied, the LCC is designed and characterized with EWOD compatible liquids. EWOD actuation technology allows a non-volatile switch operation, meaning the switch state can be retained without energy consumption [11] . An important aspect in assuring reliable EWOD operation is avoiding residues after switching the liquids. This requires a suitable dewetting coating, which is sufficiently thin (below 10 nm) to not affect the optical characteristics of the device. Recent experiments using a silane monolayer showed promising results [18] .
Furthermore, it is demonstrated that the LCC is tolerant to variations in temperature. The excess insertion loss over the temperature range 20.7
• C is 0.0 dB for the bar state and 0.3 dB for the cross state. A passive LCC with a high tolerance to temperature enables a stable switch operation in environments with large variations in temperature without additional energy consumption in the form of heating or cooling. Although the LCC was not characterized at lower temperatures, we expect that it is feasible to implement these switches in datacenters and central offices without temperature control where the temperature specification is between −5
• C and 65
• C. The current switch is designed for a single polarisation (quasi TE). To allow polarisation independent operation a polarisation diversity scheme should be implemented. In principle this should be possible without increasing the chip size, as the two LCCs addressing orthogonal polarisations can be driven by a single EWOD cell.
The SiN LCCs are ideally suited in applications where the state of the switches are sporadically changed. Due to its zeroenergy consumption after switching and because no thermal control would be required, large amounts of energy can be saved. On top of that, its small footprint enables the realization of dense switch circuits. One example of use is in a switch that manages the reconfiguration of optical fiber communication networks.
